
ICESAT VALIDATION OF TANDEM-X I-DEMS OVER THE UK 
 

 

L. Feng*, J.-P. Muller   
 

Mullard Space Science Laboratory (MSSL), University College London, Department of Space & Climate Physics, Holmbury St 

Mary, Surrey, RH5 6NT, UK - (lang.feng.14, j.muller) @ucl.ac.uk 
 

Commission IV, WG IV/3 

 

 

KEY WORDS: Global DEM, validation, TanDEM-X intermediate DEM, ICESat elevations 

 

 

ABSTRACT: 

 

From the latest TanDEM-X mission (bistatic X-Band interferometric SAR), globally consistent Digital Elevation Model (DEM) will 

be available from 2017, but their accuracy has not yet been fully characterised. This paper presents the methods and implementation 

of statistical procedures for the validation of the vertical accuracy of TanDEM-X iDEMs at grid-spacing of approximately 12.5m, 

30m and 90m based on processed ICESat data over the UK in order to assess their potential extrapolation across the globe. The 

accuracy of the TanDEM-X iDEM in UK was obtained as follows: against ICESat GLA14 elevation data, TanDEM-X iDEM has -

0.028±3.654m over England and Wales and 0.316±5.286m over Scotland for 12m, -0.073±6.575m for 30m, and 0.0225±9.251m at 

90m. Moreover, 90% of all results at the three resolutions of TanDEM-X iDEM data (with a linear error at 90% confidence level) 

are below 16.2m. These validation results also indicate that derivative topographic parameters (slope, aspect and relief) have a strong 

effect on the vertical accuracy of the TanDEM-X iDEMs. In high-relief and large slope terrain, large errors and data voids are 

frequent, and their location is strongly influenced by topography, whilst in the low- to medium-relief and low slope sites, errors are 

smaller. ICESat derived elevations are heavily influenced by surface slope within the 70m footprint as well as there being slope 

dependent errors in the TanDEM-X iDEMs. 

 

                                                                 
* Corresponding author 

1. INTRODUCTION 

For some 30% of the Earth’s land surface, downstream 

processing of EO data over land (and some continental shelves) 

for applications in land and atmospheric retrieval require 

corrections for topographic relief and/or slope and aspect. For 

traditional mapping applications, this requires a Digital 

Elevation Model (DEM) of the “bare earth” land surface. As 

spatial resolution of the VIS/IR/SAR images increases, so does 

the need to improve DEM spatial resolution and accuracy. 

Fortunately, such global DEMs are now being produced from 

spaceborne EO sensors, such as from SAR (SRTM, TerraSAR-

X and TanDEM-X), stereophotogrammetry (ASTER, SPOT, 

PRISM and IRS-3P) and lidar (ICESat) (Farr, Rosen et al. 

2007, Wang, Cheng et al. 2011, Fujisada, Urai et al. 2012). EO-

DEMs usually measure the observable canopy elevation which 

can vary from top-of-canopy through to the bare earth 

depending on the technique and wavelength employed. Each 

EO DEM comes with limited validation and in some cases use 

different datums, spheroids and co-ordinate systems from each 

other. DEM data, like other spatial data sets, have errors. 

Spatial data error sources have been summarized as data errors, 

processing errors and measurement errors (Pike 2002, Wechsler 

2007). More specifically, DEM data contain three types of 

errors: blunders, systematic errors and random errors. Although 

all three types may be reduced in magnitude by refinements in 

technique and precision, they cannot be completely eliminated 

(Caruso 1987, Brown and Bara 1994). Moreover, these DEM 

errors are elusive and constitute uncertainty (Wechsler 2007). 

Now, the effect, DEM has errors, is often not noticed by DEM 

users. Currently, techniques to quantify DEM uncertainty are 

not readily available nor are they systematically applied to DEM 

data applications. Therefore it is critical to validate DEM 

products for public users over large geographic areas (Gesch 

1994, Danielson and Gesch 2011).  

 

Until now, many studies have been done by scientists from all 

over the world. GPS is the usual method to validate the absolute 

accuracy of DEM products, which has been utilized in SRTM 

and ASTER G-DEM accuracy validation studies (Goncalves 

and Oliveira 2004, Eckert, Kellenberger et al. 2005, Rodriguez, 

Morris et al. 2005, Rodriguez, Morris et al. 2006, Reuter, 

Nelson et al. 2009, Team 2009, Tachikawa, Kaku et al. 2011, 

Fujisada, Urai et al. 2012, Li, Shi et al. 2013). However, such 

kinematic GPS transects only show planimetric features as they 

tend to be along existing roads. Meanwhile, external DEMs 

from sources such as lidar, radar altimetry and 

stereophotogrammetric data are also introduced to assess the 

quality of the DEMs. For example, terrain elevation derived 

from airborne lidar or ICESat/GLAS and satellite radar 

altimetry data from ERS-1/2 have frequently been used in many 

DEM quality accuracy assessments (Carabajal and Harding 

2005, Berry, Garlick et al. 2007, Enßle, Heinzel et al. 2014). 

However, in reality, the primary challenge in validating a digital 

elevation model is obtaining a useful reference data set that is 

accurate enough and has suitable coverage to encompass the 

entire area of interest. NASA's Ice, Cloud and land Elevation 

Satellite (ICESat) employing the Geoscience Laser Altimeter 

System (GLAS) has collected a unique set of full-waveform 

Light Detection And Ranging (LiDAR) data with global 

coverage during campaigns that began in 2003 and ended late 

2009, which provide globally-distributed elevation data of high 

accuracy (≤1m) that is well-suited for evaluating large area 

DEMs. Moreover, this ICESat/GLAS system provides a 

consistently referenced elevation data set with unprecedented 

accuracy and quantified measurement errors that can be used to 
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generate Ground Control Points (GCPs) with a vertical accuracy 

high enough for validating DEMs all over the world. 

 

Many papers have employed methods such as GIS visualization, 

GIS analysis and derived topographic statistical parameters 

(Bias, Relative Bias, Average Relative Absolute Difference, 

Root Mean Square Error (RMSE), Relative Root Mean Square 

Error (R-RMSE), Log Root Mean Square Error (L-RMSE), 

Average and Standard Deviation of N Simulations, Average and 

Standard Deviation of N Simulations, Maximum and Minimum 

of N Residuals), R-Squared statistics, t-test and P-value 

methods to evaluate the effect of errors and uncertainty in 

DEMs (Wechsler 1999, Hofton, Dubayah et al. 2006, Gutiérrez 

and Schnabel 2011, Zhao, Cheng et al. 2011, Austin, Muller et 

al. 2013, Li, Li et al. 2015). Through a data grant 

(iDEM_CALVAL0207) from DLR, an intermediate first-pass 

only TanDEM-X DEM (called i-DEM) was made available at 

1/3rd arc-second (≈12.5m), 1 arc-second (≈30m) over the UK 

along with 3 arc-seconds for limited areas around the world. 

The objective of this study is to present the methods and 

implementation of statistical procedures for the validation of the 

TanDEM-X I-DEM vertical accuracy based on ICESat data 

over the UK in order to extrapolate these results, particularly 

with 3 arc-seconds across the globe.  

 

2. TEST AREA AND METADATA INFORMATION 

2.1 Test area 

The study area is the UK (Figure 2-1 from Google), which lies 

on the European continental shelf, part of the Eurasian Plate. It 

is located off the north-west coast of continental Europe and it 

stretches over about ten degrees of latitude on its longer, north-

south axis and occupies an area of 209,331 km2 excluding the 

smaller surrounding islands. The metadata information for this 

study is shown in Table 2-1 below. The reader can observe that 

the coordinate systems of the different DEMs are different. The 

data maps (based on OSGB36 ODN) of the test data and 

ICESat data footprint are shown in Figure 2-1, Figure 2-2, 

Figure 2-3, Figure 2-4, Figure 2-5 and Figure 2-6 below. The 

Elevation profile along an ICESat track (red rectangle in 

Figure 3-1) is also shown in Figure 3-4, the difference 

between TanDEM-X I- DEM and ICESat data in this track 

is variable, being shown in Figure 3-5.   
 

Data Set: TanDEM-X 

I- DEM 

Blue Sky 

DEM 

ICESat GlAS 14 

Coverage: UK & 

worldwide 

(3”) 

UK,  

Ireland 

UK 

Source: DLR-

TerraSAR-

X 

Blue Sky 

Ltd. 

National Snow 

and Ice Data 

Centre, NASA 

Resolution: 0.4” (≈12m) 

1” (≈30m) 

3” (≈90m) 

10m or 

5m 

Horizontal 

accuracy <5m, 

Vertical accuracy 

< 1m (sub-meter) 

with 172m 

spacing. 

ellipsoid: WGS84-

G1150 

OSGB36 TOPEX Poseidon-

Jason 

Ellipsoid 

Vertical 

Datum: 

WGS84-

G1150 

ODN TOPEX Poseidon-

Jason 

Ellipsoid 

Projection: Geographic TM 

projection 

Geographic 

Acquisition 

Date: 

2011-13 - 10/2004-10/2008 

Table 2-1 Experiment DEM Input datasets 
 

2.2 TanDEM-X iDEM and Bluesky DEM 

TanDEM-X (bistatic X-Band interferometric SAR) opens up a 

new era in space borne radar remote sensing. The first bistatic 

SAR mission is formed by adding a second, almost identical 

 

 

 

 
Figure 2-1 Study area 

(© Google 2015) 

 

 

 
Figure 2-2 TanDEM-X iDEM 

12m 

  
Figure 2-3 TanDEM-X 

iDEM 30 m 

 
Figure 2-4 TanDEM-X 

iDEM 90 m 
  

 

 
Figure 2-5 Blue Sky DEM 

30m 

  
Figure 2-6 ICESat GlA14 

data in UK. Red line is 

footprint of ICESat data 
 

spacecraft, to TerraSAR-X and flying the two satellites in a 

closely controlled formation flight with typical inter-spacecraft 

distances between 250 and 500 m (Moreira, Krieger et al. 2004, 
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Zink, Krieger et al. 2008). From this mission (bistatic X-Band 

interferometric SAR), 12.5m, 30m and 90m TanDEM-X I-DEM 

data based on WGS84-G1150 Geographic coordinate system 

are obtained. Besides, Bluesky DEM, based on OSGB36 and 

ODN projection coordinate system, is a commercial 5m DTM 

from Bluesky Limited made available through the UK academic 

community from the LANDMAP project. 

 

2.3 ICESat GLA14 data 

The main objective of the Geoscience Laser Altimeter System 

(GLAS) instrument on-board the NASA ICESat satellite was to 

measure ice sheet elevations and changes in elevation through 

time. Secondary objectives included measurements of cloud and 

aerosol height profiles, land elevation and vegetation cover, and 

sea ice thickness. GLAS includes a laser system to measure 

distance, a Global Positioning System (GPS) receiver, and a 

star-tracker attitude determination system. The laser transmits 

short pulses (4 Nano seconds) of infrared light (1064 

nanometres wavelength) and visible green light (532 

nanometres). Photons reflected back to the spacecraft from the 

surface of the Earth and from the atmosphere, including the 

inside of clouds, are collected in a 1 metre diameter telescope. 

Laser pulses at 40 times per second will illuminate spots 

(footprints) 70 metres in diameter, spaced at 170-metre intervals 

along the Earth's surface (Schutz, Zwally et al. 2005). 

 

The distance from the spacecraft to clouds and to the Earth's 

surface is determined from measurements of the time taken for 

the laser pulses to travel to the reflecting objects and return. The 

height of the spacecraft above the centre of Earth are 

determined from information collected by the GPS receiver in 

GLAS and a GPS network operated around the world for other 

purposes. The pointing of the laser beam, relative to the Earth's 

centre is determined by the star-tracker system. The knowledge 

of the laser pointing and the spacecraft position are combined to 

calculate the precise location of the footprint on the surface to a 

few metres' accuracy (Zwally, Schutz et al. 2002, Schutz, 

Zwally et al. 2005) . 

 

The elevation of the surface at each laser footprint is the height 

of the spacecraft minus the measured distance to the surface. A 

standard parameterisation is used to calculate surface elevation 

for ice sheets, oceans, and sea ice, using the elevation of the 

maximum peak and no more than two Gaussian functions with a 

minimum spacing of 30 ns (4.5 m) between Gaussian centres. 

For land elevations, the centroid of the received pulse between 

signal start and end is used, shown in Figure 2-7; a maximum of 

six Gaussians is allowed with 5 ns (75 cm) minimum spacing. 

For land surfaces, the algorithm characterizes the return pulse 

by fitting Gaussian distributions to each mode (peak) in the 

waveform. Surface elevations over land are derived from the 

centroid of the return. Over most of the ice sheets, the accuracy 

of each elevation measurement is at the sub-decimetre level. 

Over land, however, the vertical accuracy of the elevation 

measurements is less due to the effect of surface roughness i.e. 

the combined effect of slope, vegetation and cultural features. 

Still, according to (Carabajal 2011), rigorous analysis has 

shown that for low relief locations in open terrain, the ICESat 

data returns elevation values with sub-metre accuracy (DHI 

2014). 

 

Data was collected from February 2003 to October 2009 during 

approximately month long observation periods, three times per 

year through 2006 and twice per year thereafter. These altimetry 

profiles provide a highly accurate and consistently referenced 

elevation data set with quantified errors. Three lasers were used 

sequentially during the mission. Still, only data (GLAH14 

product) acquired by Laser 3 was used for TanDEM-X iDEM 

validation, from October 2004 to October 2008. 

 

Ellipsoid

Orthometric 
height

Ellipsoid 
height

Mean sea level

ICEsat 
GLAS

Signal 
begin

Signal end

Centroid
 = height

TanDEM-X 
I- DEM

Bluesky 
DEM

WGS84 Ellipsoid

Topex/Poseldon Ellipsoid

Hill

Geoid undulation

 
Figure 2-7  ICESat coordinate system and ICESat waveform 

(Bhang, Schwartz et al. 2007, DHI 2014) over forest canopy 

relative to wavelengths signal from TanDEM-X and Bluesky 

DEM; the elevation measurements used in this study have been 

calculated from the centroid of the received pulse between 

signal start and end, defined for alternate parameterization 

 

 

3. METHODS 

The first step is a thorough pre-processing of the ICESat data. 

ICESat GLA14 data contain land elevations with respect to the 

TOPEX/Poseidon-Jason ellipsoid which is about 70 cm smaller 

than the WGS 84 ellipsoid. As a consequence, comparison of 

ICESat elevations to those obtained from other sources must 

take into account the potential effect of ellipsoid differences. 

The comparison of TanDEM-X i-DEM with ICESat elevations 

was done using WGS84 as the reference ellipsoid. First, the 

ICESat footprint elevation was converted to the WGS84 

ellipsoid using the empirically derived formula provided by 

NSIDC. In contrast to many previously reported methods 

(Bhang, Schwartz et al. 2007), we did not use a fixed height 

offset between TOPEX/Poseidon and WGS ellipsoids of 0.7m, 

but calculated the offset by the empirically derived formula 

provided by NSIDC (Fabian, Johannes et al. 2000). Meanwhile, 

the coordinate system of TanDEM-X I- DEM is already 

WGS84-G1150, which assumes that the new WGS84-G1150 

ellipsoid and WGS84 ellipsoid are equal. The national Grid 

Transformation OSTN02 and the national Geoid Model 

OSGM02 (OSGM02&OSTN02) was utilized to convert the 

Bluesky DEM from OSGB36 ODN to the WGS84 coordinate 

system. 

 

The second step is data filtering. Strict editing criteria were 

applied to the ICESat data in order to select ICESat records 

with the highest possible accuracy and to exclude ICESat data 

with potential error sources that could degrade its accuracy. 

Data from GLAS instrument is stored with unique record 

indexes where each record index contains 40 laser shots. Some 

data attributes are stored for the complete record index and 

others are recorded for each laser shot according to the ICESat 

data dictionary from National Snow and Ice Data Center 

(NSIDC) (Fabian, Johannes et al. 2000). Variable names are 

indicated by unique flags of which the NSIDC provides an 

altimetry data dictionary with a detailed description (Fabian, 

Johannes et al. 2000). First, filtering of invalid or critical values 

was performed using the internal quality flags, shown in Table 

3-1 below, as criteria in the ICESat GLAH14 data files. 
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Attribute  Group  Description  Flag values 

and meanings  

i_ElvuseFlg  Data_40

HZ/Qua

lity  

Flag 

indicating 

whether the 

elevations on 

this record 

should be 

used.  

0 (valid)  

1 (not valid)  

i_satCorrFlg Data_40

HZ/Qua

lity and 

Elevatio

n 

Correcti

ons 

Saturation 

Correction 

Flag; 

Indicates if 

the returns is 

saturated or 

not and 

Correction to 

elevation for 

saturated 

waveforms. 

0 (not 

saturated)  

1 

(inconsequentia

l)  

2 (applicable)  

3 (not 

computed)  

4 (not 

applicable)  

i_rng_UQF Data_40

HZ/Qua

lity  

Range offset 

quality flags  

0 (valid)  

1 (not valid)  

i_FRir_qaFl

ag  

Data_40

HZ/Elev

ation 

Flags  

Cloud 

contamination

; Indicates 

probable 

cloud 

contamination  

15 (no cloud)  

Other number 

(not good for 

elevation 

control point)  

i_AttFlg1  Data_40

HZ/Qua

lity 

denotes off-

nadir angle 

(first bit flag) 

0 (off-nadir 

angle within 

limits) 

1 (large off-

nadir angle) 

i_DEM_hire

s_elv 

Data_40

HZ/Qua

lity 

Difference of 

GLAS height 

to high 

resolution 

DEM values 

from the 

SRTM source 

< 100m (good) 

>100m (not 

good) 

Table 3-1 The internal quality flags of ICESat GLAH14 data 
(Fabian, Johannes et al. 2000, DHI 2014) 

 

According to Table 3-1, data with less than ideal characteristics 

detected during processing resulting in data records (invalid 

elevations, invalid saturation correction value, invalid Range 

offset, Cloud contamination, high Difference of GLAS height to 

high resolution SRTM, laser beams with large off-nadir 

pointing) was therefore excluded for further interpretation. 

From Figure 3-1, Figure 3-2 and Figure 3-3, filtered results 

were obtained, and it is obvious that a single year of ICESat 

data is insufficient for TanDEM-X i-DEM validation; therefore, 

we utilised ICESat data from 2004 to 2008. In addition, to 

obtain refined ICESat elevation without extreme outliers, 

ICESat locations with elevations deviating more than 60 metres 

from the Bluesky DEM were excluded using an ICESat and 

Bluesky DEM difference.  

 

In the third step, the i-DEM values were subtracted from the 

corresponding ICESat elevations and the ICESat footprint 

centre coordinates were used to extract TanDEM-X i-DEM and 

Bluesky elevations. For every ICESat footprint, the 

corresponding TanDEM-X i-DEM elevation values was 

computed by using the nearest neighbour sampling method. 

Moreover, the Bluesky DEM was introduced to calculate 

surface slope and aspect within a 3x3 pixel neighbourhood. 

Slope values have been grouped into 4 classes (0° to 5°, 5° to 

10°, 10° to 20°, more than 20º) and aspect has 8 directions and 

no direction (flat, slope is 0°).  

 

 

 
Figure 3-1 All ICESat data 

footprint in 2006 WGS84 

vertical datum, red rectangle 

will be used in Figure 3-5 

 
Figure 3-2 ICESat data 

footprints after filtering large 

off-nadir angle data in 2006, 

based on WGS84 vertical 

datum 

 
Figure 3-3 ICESat data 

footprint of filtered results 

(without large off-nadir angle 

data) in 2006, based on the 

WGS84 vertical datum 

 
Figure 3-4 Elevation profiles 

along an ICESat track (red 

rectangle in Figure 3-1) 

 
Figure 3-5 Difference of 

TanDEM-X I- DEM and 

ICESat data of Figure 3-4 

 

Finally, data comparison and statistical validation of the i-DEM 

vertical accuracies were calculated according to some standards 

and statistical methods (Maune 2007). The statistical validation 

measures are based on the assumption of a normal error 

distribution with no outliers. Still, outliers and non-normal 

distributed data occur especially over topographically complex 

and/or non-open terrain. The approach to deal with outliers is to 

remove them by applying a threshold. Here, the threshold for 

eliminating outliers in the TanDEM-X I-DEM validation is 

selected as three times the Standard deviation ( ). In cases 

where outlier removal is not sufficient to achieve normally 

distributed errors, a nonparametric testing method (LE90: 90% 

confidence level) can be used. Table 3-2 below summarises the 

accuracy measures and associated statistics that are used for the 

reporting of TanDEM-X i-DEM vertical accuracy. Eventually, 

GIS visualization, GIS spatial statistical analysis and derived 

topographic statistical parameters and data analysis reports are 

obtained. The use of ICESat data requires working with 

The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLI-B4, 2016 
XXIII ISPRS Congress, 12–19 July 2016, Prague, Czech Republic

This contribution has been peer-reviewed.  
doi:10.5194/isprsarchives-XLI-B4-129-2016 

 
132



 

millions of potential reference points (10/2004 – 10/2008) 

across the whole UK and the TanDEM-X I-DEM statistical 

validation has therefore been processed automatically following 

the processing workflow, shown in Figure 3-6 below. 

 

Number of 

checkpoints  

n 

Vertical error                                 
Root mean square 

error  

 
Mean error (or bias)  

 
Standard deviation  

 
Linear error at 90% 

confidence level 
 

Threshold for outliers  |  

Table 3-2 Accuracy parameters for TanDEM-X i-DEM 

validation, where  is iDEM elevation,  is ICESat 

elevation 

 

 

TanDEM-X I- 
DEM

BlueSky DEM
ICEsat GlA 14

data

converting  coordinate 
(OSTN02_OSGM02)

WGS84 Geographic 
coordinate system(Vertical 

Datum:WGS84 Ellipsoid)

Minus the 
difference(Htopex-Hwgs84)

mosaic datamosaic data

mosaic datamosaic data

Covert to shapefile

Filtering by ICEsat QA
Filtering by |Bluesky 
DEM-ICEsat| >  60m

ICEsat GlA 14
Data after filtering
And Bluesky DEM

WGS84 Geographic 
coordinate system(Vertical 

Datum:WGS84 Ellipsoid)

Analysis and 
Reluts(tables,documentss 

and maps)

Slope and Aspect statistics Validation

WGS84 Geographic 
coordinate system(Vertical 

Datum:WGS84 Ellipsoid)

 
Figure 3-6 the TanDEM-X i-DEM statistical validation 

processing workflow using ICESat data 

 

4. RESULTS 

4.1 TanDEM-X iDEM accuracy results 

The accuracy results (aspect relationship, slope relationship and 

accuracy) are shown in the Tables below. These Tables 

summarize the discrepancies between DEMs and ICESat 

GLAS14 data. In the UK, against ICESat GLAS14 elevation 

data, TanDEM-X i-DEM has -0.0283±3.654m over England 

and Wales and 0.3173±5.286m over Scotland for 12m, -

0.073±6.574m for 30m, and 0.023±9.25m for 90m. Moreover, 

90% of all TanDEM-X i-DEM data (Linear error at 90% 

confidence level) are below 16.2m. 

 

Statistics  Point 

numb

er 

Mea

n 

(m) 

Stdev 

σ 

RM

SE 

(m) 

Slope 

classes 

Slope < 5° 51317 -0.1 5.23 5.24 

5°≤Slope< 

10° 

6098 1.21 10.4 10.5 

10°≤ Slope < 

20° 

1810 0.46 15.3 15.3 

Slope  > 20° 156 5.24 20.3 20.6 

Aspect 

regions 

N 7797 1.85 6.31 7.14 

NE 7490 0.61 5.68 5.91 

E 8009 -0.5 5.77 5.79 

SE 7852 -1.4 6.40 6.76 

S 8055 -1.6 6.26 6.69 

SW 6730 -0.6 5.88 5.92 

W 6571 0.67 6.57 6.82 

NW 6751 1.76 6.57 7.32 

Flat(none) 126 0.32 14.3 14.3 

England 

and 

Wales 

 40633 -0.1 5.41 5.43 

Scotland  18748 0.11 8.55 8.57 

UK  59381 -

0.07 

6.57 6.59 

Table 4-1 Height Difference statistics over the UK (30m i-

DEM-ICESat) 

 

4.2 The accuracy of TanDEM-X i-DEM products 

The accuracy of DEM products over the UK is shown in Table 

4-2 below. The reference data of absolute vertical accuracy 

validation is ICESAT GLA14.  

 

DEM 

Product 

Independent 

Pixel 

Spacing 

Absolute Vertical 

Accuracy, (90%  

Confidence 

level)(m) 

LE90(<3*RMSE) 

(m) 

Coverage 

TanDEM-

X iDEM 

 12m  ≤ 7.35 England  

TanDEM-

X iDEM 

 12m  ≤ 8.48 Scotland 

TanDEM-

X iDEM 

30m ≤ 8.69 WALES 

and 

England 

TanDEM-

X iDEM 

 30m ≤ 13.72  Scotland   

TanDEM-

X iDEM 

30m ≤ 10.54 UK 

TanDEM-

X iDEM 

90m 

≤ 13.98 

WALES 

and 

England 

TanDEM-

X iDEM 

90m 
≤ 16.14 

 Scotland   

TanDEM-

X iDEM 

90m 
≤ 14.81 

UK 

Table 4-2 The accuracy of TanDEM-X iDEM products of 

The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLI-B4, 2016 
XXIII ISPRS Congress, 12–19 July 2016, Prague, Czech Republic

This contribution has been peer-reviewed.  
doi:10.5194/isprsarchives-XLI-B4-129-2016 

 
133



 

UK (Control point data: ICESAT GLA14) 
 

4.3 Error characterisation using topographic attributes 

The effect of topography on the spatial distribution of vertical 

errors was investigated by analysing elevation residuals to 

several terrain attributes (Slope, Aspect and elevation). The 

results of tests confirm lack of significant differences between 

DEMs and GPS data in UK. Linear regression analysis reveals 

strong correlation between TanDEM-X i-DEM and ICESAT 

GLA14 data for 12m, 30m and 90m resolution DEMs data in 

UK, shown in the plots below. Analysis of variance (ANOVA) 

tests, performed on the linear regression data, showed this 

correlation to be highly significant in UK (p<0.0001 in all 

tests); and the systematic error is very small (according to the 

constant item in the line equation). It is of interest to note that 

in both cases the value of the slope of the regression line was 

very close to 1. 

 

Over the UK, comparisons of the residuals (30m iDEM data) 

with slope and aspect do not reveal noticeable trends (Figure 

4-1 a and b), Big differences occur below elevations of 150m 

(Figure 4-1 c). Linear regression analysis reveals strong 

correlation between TanDEM-X iDEM 30m and ICESAT 

GLA14 in UK (Figure 4-1 d), and the systematic error is very 

small. The residuals progressively become more positive with 

increasing slope (Figure 4-1 e and f) and higher slopes positive 

residuals are much more frequent than negative ones, about 

double between 12 to 20 degree in UK (Figure 4-1 f). The total 

probability density is bigger in the East (Figure 4-1 g) and the 

positive residuals in UK are more frequent on slopes facing 

north than negative residuals while the trend is inverted on 

slopes facing south (Figure 4-1 h). In UK, TanDEM-X iDEM 

12m and 90m has the same trend as TanDEM-X iDEM 30m. 

 

 
(a) (b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

Figure 4-1 Elevation residuals between TanDEM-X iDEM and 

ICESAT GLA14 elevation data in UK(30m iDEM) (a) Aspect; 

(b) slope; (c) elevation derived from the TanDEM-X iDEM 

data; (d) Correlation between ICESAT GLA14 and iDEM data; 

(e) Probability density functions (PDFs) of slope for positive 

and negative residuals and of overall Slope; (f) Ratio of the 

positive and negative residuals PDFs to the slope PDF, note that 

slope is in degree; (g) PDFs of aspect measured at locations 

with positive and negative residuals ; (h) Ratio of the positive 

and negative residuals PDFs to overall slope bearing PDF. 

 

5. ANALYSIS AND DISCUSSION 

In this experiment, both Standard Deviations and RMSE of 

DEM Height Difference reflect the accuracy of DEM products. 

Using ICESat GLA14 data to validate TanDEM-X i-DEM 

needs to filter the data errors, outliers, cloud contamination and 

so on first; moreover, the co-ordinate system of these two data 

should be translated onto the same reference ellipsoid.  

 

Over the UK, the residuals progressively become more positive 

with increasing slope and higher slopes with positive residuals 

are much more frequent than negative ones between 5 and 20 

degrees. The total probability density is larger in the East and 

the positive residuals are more frequent on slopes facing north 

than negative residuals while the trend is inverted on slopes 

facing south. Higher slopes seem to cause positive errors while 

big difference occurs below elevations of 150m. This maybe 

because the penetration ability of i-DEM X band is weaker than 

ICESat over forested areas (according to canopy density) in 

mountainous area but stronger in flatter land areas according to 

soil moisture and land roughness.  

 

From Table 4-2  above, the accuracy of all DEM products 

decreases typically when the resolution increases. This is 

because the sampling method, grid resolution or pixel size and 

interpolation algorithm would influence the DEM accuracy. 

From Table 4-1  and other resolution results, the accuracy of all 

DEM products varies a little with different aspects, but it 

decreases when slope increases, which indicates that slope has a 

strong effect on the vertical accuracy of the TanDEM-X I-

DEMs. In the large slope terrain, large errors and data voids are 

frequent, and their location is strongly influenced by 

topography, while in the small slope site, errors are smaller.  

 

From Table 4-2  above, the vertical accuracy of the i-DEM is 

better in England than Scotland. It is noted that the terrain of 

Scotland is more complex and higher than the terrain of 

England and Wales, because the terrain complexity index of 

Scotland is larger (Zhou, Liu et al. 2006, Lu, Liu et al. 2007). 

Thus it reflects the fact that the elevation precision is influenced 

by terrain factors. The elevation precision is smaller in complex 

terrain areas than plain areas and it decreases when the 

elevation and slope increases. What’s worse, this might imply 

that i-DEM processing in complex terrain area may not have a 

good performance now, which needs to be enhanced. 
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6. CONCLUSIONS 

Through this study, the accuracy of TanDEM-X iDEM in UK is 

summarized as below: against ICESat GLAS14 elevation data, 

TanDEM-X iDEM has -0.0283±3.654m in England and Wales 

and 0.317±5.286m over Scotland for 12m, -0.073±6.575m for 

30m in UK, and 0.023±9.25m at 90m in UK. Moreover, 90% of 

all TanDEM-X iDEM data (Linear error at 90% confidence 

level) are below 16.2m. This indicates that the Digital Elevation 

Model (DEM) from TanDEM-X mission (bistatic X-Band 

interferometric SAR) is better than many other products 

available now. The results also indicate topographic parameters 

(slope, aspect and relief) have a strong impact on the vertical 

accuracy of the TanDEM-X I-DEMs. In the high-relief and 

large slope terrain, large errors and data voids are frequent, and 

their location is strongly influenced by topography, while in the 

low- to medium-relief and low slope site, errors are smaller.  
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